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HIV Vpr induces a cell-cycle arrest at the G2-to-M transition through a poorly understood mechanism.
In a recent issue of Cell, Laguette et al. (2014) demonstrate that untimely activation of the structure-specific
endonuclease regulator SLX4 complex by Vpr promotes G2/M arrest and escape from innate immune
sensing.Early innate and cell-intrinsic responses
are vital to protect host cells from
invading pathogens. In turn, viruses have
developed sophisticated mechanisms to
establish productive infections by coun-
teracting host innate immune responses.
HIV-1, HIV-2, and other primate lentivi-
ruses encode a group of accessory
proteins comprised of Vif, Vpr, Vpx, Vpu,
and Nef, whose function is to promote
immune evasion by modulating, among
other things, intrinsic antiviral factors
such as APOBEC3G (counteracted by
Vif), Tetherin (counteracted by Vpu/
Nef), and SAMHD1 (counteracted by
Vpx) (Blanco-Melo et al., 2012; Yan and
Chen, 2012). Of these viral proteins,
HIV-1 Vpr (Viral Protein R), has remained
one of the least understood in terms of
its functional role and mode of action dur-
ing viral infection. Vpr is a small phosphor-
ylated nuclear protein that is conserved
across all primate lentiviruses. The protein
is packaged into progeny virions through
an interaction with the structural protein
Gag and, following viral entry, is associ-
ated with the preintegration complex,
suggesting an early role during the virus
life cycle. While multiple biological activ-
ities have been ascribed to HIV-1 Vpr,
the most widely studied are the induction
of a cell-cycle arrest at the G2-to-M tran-
sition in dividing cells and enhanc-
ing infection in terminally differentiated
myeloid cells, such as monocyte-derived
macrophages. The functional relevance
of Vpr-induced G2/M arrest has remained
a long-standing question in the HIV field
since Vpr is dispensible for HIV-1 replica-
tion in dividing CD4+ T cells in cell culture.
Nevertheless, the critical importance of
Vpr for HIV infection and pathogenesis
in vivo is underlined by the fact thatchimpanzees (and at least one reported
case in human) infected with Vpr-
defective HIV-1 strains developed rever-
tant mutants (Blanco-Melo et al., 2012;
Malim and Emerman, 2008).
With respect to Vpr-induced G2/M
arrest, one key advance in the field was
the finding that the mechanism absolutely
required the engagement of the DDB1-
Cullin4A-VPRBP E3 ubiquitin ligase
through a direct interaction between Vpr
and the substrate specificity receptor
VPRBP (also called DCAF1) (Romani and
Cohen, 2012). Indeed, several lines of
evidence suggested that the recruitment
of the E3 ubiquitin ligase complex by Vpr
was required to establish an intracellular
environment that mimicked a DNA
stress/damage response initiated by the
DNA lesion-sensing Ataxia Telangiectasia
and Rad3-related (ATR) protein kinase,
which usually results in the activation of
a G2/M checkpoint pathway (Dehart and
Planelles, 2008). While the induction of a
G2/M arrest in dividing cells could indeed
be the function that Vpr was evolved to
fulfill, another possibility was that Vpr-
mediated G2/M arrest could be the result
of the destruction/modification of host
proteins that played one role in cell-cycle
regulation and another in host-mediated
defense against viruses (Malim and
Emerman, 2008). However, the identity
of the host proteins targeted by the Vpr/
DDB1-Cullin4A-VPRBP complex has
remained elusive, thus limiting our under-
standing of the molecular mechanism
underlying Vpr-induced G2/M arrest and,
importantly, its functional role during HIV
infection.
In a recent issue of Cell, Laguette and
colleagues (Laguette et al., 2014) report
that Vpr interacts with the structure-Cell Host & Microbe 15,specific endonuclease (SSE) regulator
SLX4 complex (SLX4com) via a direct
interaction with the C terminus of the
SLX4 scaffold protein. Interestingly, they
further show that VPRBP interacts
directly with the SLX4com and that Vpr
enhances this interaction. SLX4, the
newly identified Fanconi anemia protein,
has been implicated in the modulation
of multiple DNA repair pathways and in
Holliday junction resolution by regulating
appropriate nucleases (Cybulski and
Howlett, 2011; Svendsen and Harper,
2010). The multidomain protein interacts
with the SSEs MUS81-EME1, ERCC1-
ERCC4XPF, and SXL1, which are involved
in the resolution of DNA replication
and repair intermediates that are usually
branched or multistranded DNA struc-
tures. Interaction of SLX4 with these
SSEs stimulates their enzymatic activ-
ities. Interestingly, time course experi-
ments revealed that expression of Vpr
induced a remodeling of the SLX4com
prior to G2/M arrest. Indeed, in the pres-
ence of Vpr, the authors observed an
increased recruitment of polo-like kinase
1 (PLK1) and its kinase active form
(pPLK1) to the SLX4com with concomi-
tant enhancement in the phosphorylation
of EME1 within the heteromeric MUS81-
EME1 endonuclease subunit (Figure 1).
Because SSEs, such as MUS81-EME1,
act as the ‘‘Swiss army knives’’ of
DNA interstrand crosslink repair in the
nucleus, they are under strict regulatory
control in that they are recruited to DNA
only at specific phases of the cell cycle
and activated only when needed (Mino-
cherhomji and Hickson, 2013). Indeed,
in yeast, MUS81-EME1 activation is
mostly confined to the G2/M transition
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Figure 1. HIV-1 Vpr Subverts the SLX4 Complex to Promote G2/M Arrest and Escape from Innate Immune Sensing
Because of the potentially damaging effect of the structure-specific endonucleases bound to SLX4, the SLX4com is kept inactive during the G1 and S phases of
the cell cycle. Direct interaction of Vpr with SLX4 increases binding of VPRBP to the complex and induces the recruitment of kinase active PLK1 to the SLX4com.
The resulting Vpr-mediated remodeling of the SLX4com causes the phosphorylation of EME1 and the ubiquitination of MUS81. These modifications trigger the
activation of the heteromeric EME1-MUS81 endonuclease complex and lead to the processing of HIV-1 DNA, a condition that promotes evasion from innate
immune sensing. In parallel, untimely activation of the SLX4com by Vpr prior to G2/M results in replication stress and abnormal processing of replication forks,
which in turn trigger signaling pathways that ultimately arrest cells at the G2-to-M transition.
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both cyclin-dependent kinases (CDKs)
and PLK1, and this modification is
directly correlated with increased
MUS81 cleavage activity in vitro. In that
regard, the study by Laguette and col-
leagues establishes that pPLK1 and
MUS81-EME1 associate with SLX4 dur-
ing mitosis in mammalian cells and that
Vpr expression induces premature acti-
vation of SLX4-bound MUS81-EME1
prior to G2/M. This condition likely leads
to replication stress and abnormal pro-
cessing of stalled replication forks,
events that are known to trigger DNA
damage responses and G2/M arrest.
Consistent with its importance in Vpr-
mediated cell-cycle arrest, VPRBP was
found to be required for the activation
of the SLX4-associated MUS81-EME1.
Furthermore, Vpr induced the ubiquitina-
tion of MUS81 and decreased its levels
by a process that relied on its interaction
with VPRBP (Figure 1). Therefore, it
appears that VPRBP recruitment to the
SLX4com is required not only for Vpr-
mediated activation of SLX4-bound
MUS81-EME1 but also for the regulation
of MUS81 levels. Deregulation of the
heteromeric MUS81-EME1 complex has
been shown to lead to accumulation of
damaged DNA and subsequent genomic
instability (Minocherhomji and Hickson,
2013). Consistently, the authors found a
marked increase in Fanconi anemia
group D2 protein (FANCD2) foci in
the presence of Vpr. Accumulation of
FANCD2 foci is usually a hallmark of
ongoing replication stress and persis-
tence of unresolved replication inter-
mediates. Lastly, the link between126 Cell Host & Microbe 15, February 12, 201premature activation of the SLX4com
by Vpr and the induction of G2/M arrest
was demonstrated by the use of G2/M
arrest defective Vpr mutants, which
failed to interact with SLX4 or to induce
recruitment of MUS81 and PLK1.
Furthermore, silencing of the SLX4com
subunits, including SLX4, MUS81, or
EME1, inhibited Vpr-induced G2 arrest.
Altogether, these results support the
notion that VPRBP is important in the
regulation of MUS81-EME1 activity and
that SLX4com activation is required for
Vpr-mediated G2/M arrest (Figure 1).
The results presented by Laguette
and colleagues raise many new ques-
tions about the mechanism underlying
Vpr-induced G2/M arrest. First, does
Vpr-mediated ubiquitination of MUS81
represent a critical step in the activation
of the SLX4com, or is it involved in regu-
lating MUS81 levels? Second, what is
the precise sequence of events from
premature activation of the SLX4com to
G2/M arrest? Finally, would targeting
of the SLX4com explain other bio-
logical activities of Vpr, including the
enhancement of viral infection in macro-
phages, or whether Vpr has the ability
to target or/and modulate other host
factors?
Another important finding from this
study is that cells in which the SLX4 sub-
units were knocked down resulted in
enhanced transcription of the type 1
interferon genes (ifna and ifnb) and inter-
feron-stimulated genes, as demonstrated
by induction of the antiviral protein MxA.
The data suggest that the SLX4com is
also used to cleave endogenous DNA
fragments that would otherwise trigger4 ª2014 Elsevier Inc.innate immune sensing. By recruiting
this complex to HIV DNA, Vpr could
avoid innate immune detection. Indeed,
infection of model cell lines with Vpr-
defective virus apparently resulted in
increased IFNa and IFNb expression
compared to infection with wild-type
HIV-1. Interestingly, in that context, Vpr
was shown to recruit the SLX4com to
HIV DNA during reverse transcription,
and silencing of SLX4 led to accumula-
tion of viral DNA intermediates. These
findings raise the possibility that like the
TREX exonuclease (Yan and Chen,
2012), the MUS81-EME1 endonucleases
within the SLX4com contribute to
the removal of cytosolic nonproductive
reverse-transcribed HIV DNA that would
otherwise be sensed by cytosolic innate
sensors (Figure 1). Future investigations
will need to examine these processes in
more physiological HIV target cells
and assess the relative contribution and
sequence of events mediated by TREX
and active SLX4com to avoid triggering
innate immune sensing. Clearly, the
study by Laguette and colleagues
marks only the beginning of a fascinating
story that will shed new light not only
on the functional role of Vpr during HIV
infection but also on an important but
still poorly understood aspect of the
interaction between the DNA repair
machinery and innate immunity.ACKNOWLEDGMENTS
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The accommodation of nitrogen-fixing rhizobium bacteria inside plant cells requires reprogramming of root
cortex cells by rhizobial signals. In this issue of Cell Host & Microbe, Singh et al. (2014) reveal that CYCLOPS,
representing a novel class of transcription factors, links rhizobium-induced calcium signaling to reprogram-
ming of root cortex cells.In plants, intracellularly hosted bacteria
are exceptional, and in contrast to ani-
mals, intracellularly hosted pathogenic
bacteria are not known. Exceptions are
symbiotic bacteria that reduce atmo-
spheric nitrogen within organelle-like
structures inside plant cells. However,
this intracellular accommodation requires
the formation of a complete new organ,
the root nodule. The best-studied N2-
fixing root nodules are those of legumes
that are formed during an interaction
with rhizobium bacteria. In such legume
nodules, specialized cells are present
that can contain thousands of bacteria,
and these are always surrounded by a
plant membrane that forms a symbiotic
interface (Figure 1).
Legume root nodules are formed from
fully differentiated root cortical cells.
These are mitotically reactivated to form
a nodule primordium that develops into
a nodule. The interaction of rhizobium
and legume plants starts at the root
epidermis, where an infection process is
initiated. In legumes like Lotus andMedicago, this involves the formation of
a tube-like structure (infection thread)
that is bound by a plant membrane and
cell wall. These infection threads are initi-
ated in curled root hairs, and they grow to
the nodule primordia where rhizobia are
released into the cytoplasm of nodule
cells. Lotus plants with the CYCLOPS
gene mutated are arrested after root
hairs are curled and the rhizobia have
formed a colony in the curl (Figure 1).
These structures resemble a one-eyed
Cyclops, and hence the name (Yano
et al., 2008).
Nodule organogenesis as well as
the infection process is triggered by
specific lipochito-oligosaccharides (Nod
factors) that are secreted by rhizobia.
These Nod factors activate a symbiotic
signaling pathway that includes a cal-
cium- and calmodulin-dependent kinase
(CCaMK) as an essential and central
component. CCaMK is activated by
Nod factor-induced calcium oscillations
in the nucleus (Oldroyd, 2013). Through
the use of gain-of-function mutants, ithas been shown that the activation
of CCaMK in Lotus is sufficient to
trigger nodule organogenesis and even
allows Nod factor-independent intracel-
lular accommodation of rhizobia (Madsen
et al., 2010).
HowCCaMK triggers transcriptional re-
sponses that control these processes has
so far remained unclear. Several tran-
scription factors have been identified
that function immediately downstream of
CCaMK. These include two GRAS-type
transcription factors, NSP1 and NSP2,
that are essential for nodule organogen-
esis and are considered to be primary
regulators of Nod factor-induced gene
expression. However, the mechanism by
which NSPs are activated has remained
unclear, as they are not a direct target of
CCaMK. Another transcription factor that
is essential for nodule organogenesis is
NIN, which is transcriptionally regulated
by Nod factor signaling.
The work of Singh et al. (2014) pub-
lished in this issue of Cell Host & Microbe
helps to close this gap between activationFebruary 12, 2014 ª2014 Elsevier Inc. 127
